In this paper, we propose an approach to track the progression of eye-gaze while reading a block of text on computer screen. The proposed approach will help to accurately quantify reading, e.g., identifying the lines of text that were read/skipped and estimating the time spent on each line, based on commercially available inexpensive eye-tracking devices. The proposed approach is based on a novel slip Kalman filter that is custom designed to track the progression of reading. The performance of the proposed method is demonstrated using 25 pages eye-tracking data collected using a commercial deskmounted eye-tracking device.
I. INTRODUCTION
Eye-tracking is becoming a form of human-computer interaction [1] . Eye-tracking metrics, such as pupil dilation [2] and eye-gaze patterns [3] , have been studied as potential tools for human-computer interaction. With advances in optical sensing hardware and computing technology, low cost [4] eyetrackers have opened several new avenues for eye-tracking applications.
Eye-gaze tracking, in particular its applications in readingpattern analysis, has been a topic of interest for over a century. Pioneers such as Louis Javal [5] and Edmund Huey [6] paved the field's foundation by searching for connections between an individual's reading patterns and their emotions, fatigue level, or mental condition. Indeed, the analysis of eye-gaze fixation patterns has since been used to detect disorders such as depression, anxiety [7] , [8] , and autism [9] , [10] . The study of reading itself however has continued to be quite difficult in practice due to the complex nature of such a simple action [11] , [12] . Recent works have addressed the issue of translating an individual's eye-gaze fixation points to an accurate interpretation of their reading patterns and habits with modern solutions [13] , [14] , [15] , yielding results far more quickly and with far more accuracy than ever before. There is one caveat however, while these modern solutions yield excellent results, they are still reliant on expensive hardware and regulated environments which restrict lighting, head movement, and distance from the text being read much like their primitive counterparts.
The objective of this paper is to contribute to the research and development of methods which are not only capable of extracting useful, accurate information from messy eyegaze fixation points collected during reading, but are robust enough to do so in a minimally restrictive, more natural environment and without the need for expensive hardware. The intent is to make accurate reading-pattern tracking more accessible using inexpensive, non-invasive hardware without requiring the subject to stay limited in their head-movements. In this regard, the work presented in this paper builds on two recent publications by the authors [16] , [17] . In [17] a hidden Markov model based line detection system (LDS) approach was developed to detect the line being read; in [16] a least square estimator is developed to complement the LDS in tracking the progression of reading along the line.
The LDS approach in [16] , [17] relies on discrete hidden Markov models (HMM) to identify lines. The discretization is done by assigning the raw data based on where they fall relative to the grid boundaries. As expected, it was found that the HMM based LDS takes transition time when the eyegaze progresses from one line to the next -this results in line detection errors. In this paper, we propose an alternate approach to minimize the line detection errors found in [17] . Instead of using an HMM, we propose employ Kalman filter to detect when the eye-gaze moves from one line to another; particularly, we report that the filtered horizontal velocity of the Kalman filter as a better indicator of new lines. The proposed Kalman filter is termed slip Kalman filter (Slip-KF) based on the way it resets when it detects a new line. The Slip-KF detects new lines much faster than an HMM and the proposed method yields much better line detection accuracy.
The remainder of this paper is organized as follows: in Section II a tutorial is given on the standard Kalman Filter, and its inability to perform properly when applied to readingpattern detection is highlithed. In Section III, we present an improved version of the standard Kalman filter which is capable of maintaining its accuracy in an environment where erratic movement is common, such as during reading. The paper is concluded in Section V.
II. PROBLEM DEFINITION
Let us model the progression of eye-gaze during a reading activity as the following 4 × 1 state vector
where x(k) is the gaze-displacement in the x-direction, y(k) is the gaze-displacement in the y-direction,ẋ(k) is the rate of gaze-displacement (velocity) in the x-direction, andẏ(k) is the rate of gaze-displacement (velocity) in the y-direction.
The state vector above is modeled to undergo the following process model
where the elements of the 4 × 1 vector v(k) are assumed to be zero-mean Gaussian noise with unity standard deviation,
where ∆T is the sampling time that is assumed to be a constant. The values of q x and q y need to be selected based on realistic insight about the application. For example, in the case of reading, we will have q x > q y . The process noise covariance, Q, can be shown to be [18] 
where Q is the covariance of the process noise. Remark 1: An approach to select q x and q y is as follows [18] . Let us assume that a text of 25 equally spaced lines on a screen measuring 8.5 inches sideways and 11 inches from top to bottom. Assuming that a person requires, on average, 10 seconds to finish reading one line, the average horizontalspeed of eye-gaze isẋ(k) = 0.85 inches/sec. Now, allowing 1% change (noise) in velocity, a reasonable value to assign to q x is obtained as follows
Considering that it takes 10 seconds to move from one line to another, typical velocity on the y direction iṡ
Assuming a similar
A typical eye-tracking device, such as the one used for the study in this paper, has a sampling time of ∆T = 1/64 seconds; resulting in q x = 0.2959 and q y = 8 × 10 −6 .
The eye-gaze (or more accurately eye-fixation) measurements are the noisy observations of x(k) and y(k), denoted in vector form as
Let us define the measurement model, z(k) that match the eye-fixation observations to the state vector x(k) or reading as follows
where
and the elements of the 2 × 1 vector w(k) are assumed to be zero-mean Gaussian noise with standard deviation σ x for the x-coordinate measurement and σ y for the y-coordinate measurement. For simplicity, we assume the measurement noise to be uncoorelated in x, y directions. Consequently, the measurement model covariance matrix is written as
Given an initial estimate forx(0) the Kalman filter [18] can be used to recursively obtain the updated estimate of x(k|k) and the estimation error covarianceP(k|k) as each new measurement z(k) arrives, for k = 1, 2, . . . . The Algorithm 1 summarizes one recursive step of the regular KF. Remark 2 (Filter initialization): The Algorithm 1 needs initial values; i.e,x(0|0) and P(0|0) needs to be computed. A simpler way to obtain the initial estimate is the two-point initialization method [18] . Given the first two measurements z(1) = [z x (1), z y (1)]T and z(2) = [z x (2), z y (2)]T , the initial estimate is obtained aŝ
and the filter covariance is initialized as
where γ is an appropriately large coefficient and I 4 is the 4×4 identity matrix. Figure 1 shows the performance of regular Kalman filter to track the eye-gaze while reading. The measurements z(k) are shown with red '*" and the KF track is shown as a blue line. The measurements were taken while a person reads 25 consecutive lines on a computer screen. More details on the experimental setup used to take this measurement can be found in Section IV as well as in [17] .
The problem with the regular KF for eye-gaze tracking while reading as illustrated in Figure 1 is as such: the KF was able to follow the progression of reading, however, when the gaze returns to the start of a new line on the left the KF tracking overshoots before eventually correcting. The reason for the overshoot is that the line return is not included in the assumed state-space model described by (2) and (10) .
The goal of this paper is then summarized as follows: 1) To present an improved version of the Kalman filter to accurately track eye-gaze while reading. 2) To develop an approach to quantify the reading activity by answering questions such as (a) which lines were read / not-read, (b) which lines were read multiple times, (c) how much time was spent on reading each line (or sentence/paragraph) etc. The next section details the solutions developed towards these goals.
III. PROPOSED APPROACH
The name for the proposed modification to the Kalman filter is inspired by the slip gear [19] used commonly in todays robotic applications. When the load exceeds a certain threshold, the slip gear is designed to slip back to another position -avoiding the high load altogether and start over. Similarly, the proposed Slip-KF is being designed to restart when a certain threshold is exceeded. Particularly, the Slip-KF is designed to reset whenever a line return is detected based on the eye-gaze measurements -because the state-space model defined by (2) and (10) does not account for line returns. The question is, how can a line return be detected so that the regular KF can be reset accordingly?
Based on the selection of σ v and σ w as described in Section II, the Kalman filter is "tuned" follow the reading progression without expecting a line return. Whenever there is a line return, the gaze measurements begin to appear from the start of the line. This is analogous to the filter being "overloaded" in the slip-gear analogy; such an overload can be observed in two filter parameters.
• Normalized innovation square (NIS). It can be noticed that the NIS [18] spikes every time the filter is stressedwhich is likely to happen whenever the eye-gaze moves faster than that is expected by the filter. Figure 2(a) shows the values of NIS of a regular KF while a person reads 25 consecutive lines of text on a computer screen. • Velocity along the lineẋ(k). For most of the time while reading the eye-gaze travels from left to right 1 . It is also reasonable to assume that the velocity of such eye-gazemovement (from left to right) will be fairly constant. However, when a reader reaches the end of one line and progresses quickly from right to left to begin the next line, the velocity of eye-gaze-movement will be much higher in magnitude and it will be in the opposite direction compared to regular reading. Figure 2 (b) illustrates this phenomenon. The difference in the magnitude of the velocity when reaching out to the start of a new line return is clearly visible. Such clear difference allows us to establish a threshold to detect new lines.
Remark 3 (Useful observations from the KF): Some additional interesting observations can be made form Figure 2(b) : it must be noted that for most of the time, the average velocity is approximately 1/3 of 0.2 ≈ 0.067; from this, it can be concluded that the person took 1/0.067 ≈ 15 seconds to finish one line of text.
Remark 4: The experimental data shown in Figure 2 (b) (and all the data that is discussed in this paper) is collected in a way that each line ends at the end of the text-space on the right hand side (see [16] , [17] for detailed discussion on how the data was collected). In some realistic cases, such as for the last sentence of a paragraph, the line might end midway of a text-space. In such cases, the magnitude of the return velocity cannot be as high as the one shown in Figure 2 (b) -resulting in possible missed detections. Such scenario is left for future discussion.
Finally, the summary of the proposed Slip-KF is given in Algorithm 2.
Remark 5 (Filter re-initialization): The re-initialization step in line 2 of the Algorithm 2 is performed as follows: the x,y states are re-initialized to measurements, i.e., x(k +1|k +1) = z x (k + 1) and y(k + 1|k + 1) = z y (k + 1); the x-velocity is re-initialized to typical reading rate ofẋ(k + 1|k + 1) = 0.2/3 page-width/second and the x-velocity is re-initialized to its prior estimateẏ(k + 1|k + 1) =ẏ(k|k) . 
IV. RESULTS
Eye gaze data were collected from a single test subject (a male in his twenties), using a Gazepoint GP3 [20] desktop device. The test subject was required to press the space key which would simultaneously cue the device to begin logging the x and y eye-gaze fixation coordinates, z(k), at 60 Hz, and reveal a single line of text against a solid background, near the top of the display (in this case, a 1920×1080 computer monitor) for which the device was calibrated. While the topmost line of text -Line 1 -was displayed, each gaze point corresponding to this line were labeled with a "1" to allow for comparison between ground truths and predictions. Only a single line of text at a time was displayed, starting from line 1 at the top of the screen to line 25 at the bottom of the screen, during reading and tracking. Each new line of text was shown by pressing space when the end of each line of text had been reached, allowing ground truths to be recorded along with each eye-gaze fixation point. For more details about the collected data, please refer [16] , [17] . Figure 3 shows the result of the proposed Slip-KF while reading page 2 of the above mentioned experimental data. This figure must be viewed in comparison to Figure 1 that used the regular KF defined in Section II; The advantage of the Slip-KF is immediate clear -it helps to avoid the overshoot on the x-direction when the eye gaze switches to a new line while reading.
A second benefit of the Slip-KF is that it helps to detect when the reader switches to a new line. Figure 4(a) shows the true line number of each gaze measurement z(k) and the estimated line number against k for page 2. It shows that Fig. 4 : Line detection accuracy. The line detection accuracy of the proposed method is between 97% and 98%.
the estimate line number is closely aligned with the true line number resulting the line detection accuracy of 97.83 % as shown in Figure 4(b) where the accuracy for all 25 pages of data is displayed.
V. CONCLUSIONS AND DISCUSSIONS
In this paper, we proposed a Kalman filter based approach to track the line upon which a reader's eye-gaze is fixated while reading. The proposed Kalman filter, named Slip-KF, is designed to reset whenever the reader starts to read a new line. The Slip-KF can be used to accurately quantify reading activity. The proposed line detection system (LDS) is demonstrated using commercial eye-tracking devices, and the accuracy of the proposed algorithm is shown to be between 97 and 98% in a practical dataset where all lines were read once without skipping or repeating -relaxing these two assumptions will be the focus of our future work.
